Microstructures in ZrC-doped WC-Co alloys, which were prepared by liquid-phase and solid-phase sintering, were investigated mainly by high-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectrometry (EDS). HRTEM study has revealed that multi facet structures, which are often observed in VC-doped alloys, were not formed in ZrC-doped alloys. In addition, the segregation of Zr at WC/Co interfaces could not be detected by EDS analysis even with nano size electron probe. Doped ZrC was found to exist as other carbide grains without dissolving into -phase, i.e., Co phase by EDS-mapping performed for liquid-phase sintered alloys. In the case of liquid-phase sintering, the inhibition effect for the grain growth caused by ZrC-doping was confirmed to be very small as previously reported. In contrast, it was found that ZrC-doping largely retards WC grain growth in the case of solid-phase sintering. The retardation of WC grain growth observed in solid-phase sintered alloys was considered to be closely related to a low sinterbility due to a low wettability between Co and ZrC.
Introduction
WC-Co based cemented carbides are widely used for the materials of mechanical machining tools because of their high hardness, strength and wear resistance. The alloys have a composite microstructure consisting of hard WC grains cemented with Co-based phase. This composite microstructure is very suitable to exhibit high performance as machining tools. In general, as the alloys are manufactured by liquidphase sintering above the eutectic temperature of a system of W, Co and C, the coarsening of WC grains tend to take place rapidly during the sintering, which reduces their mechanical properties. 1, 2) To maintain the grain size to be suitable, other carbides are often doped as grain growth inhibitors in practical products. [3] [4] [5] [6] [7] So far, various carbides effective for the inhibition have been investigated. The effectiveness previously reported has been shown to be VC > Cr 3 C 2 > NbC > TaC > TiC > ZrC$HfC.
3) Among them, VC and Cr 3 C 2 are typical carbides as essential inhibitors to obtain high performance products. By doping them, a size of WC grains was kept to a submicron size even in the same sintering condition comparing that of WC-Co straight alloys.
As for the alloys doped with the inhibitors such as VC, Cr 3 C 2 and so on, the microstructural analyses at an atomic scale were carried out by several research groups from a viewpoint of WC/Co interface structures. [8] [9] [10] For example, the morphology of WC grains was revealed to change largely by doping VC. The WC grains without any inhibitors generally exhibit rectangular shapes with the facets consisting of f10 1 10g and (0001), which are typical habit planes in the materials having a hexagonal lattice. However, in the case of VC-doped alloy, the facets tend to change into a multi type. The interfaces of WC/Co in VC-doped alloy exhibit very fine facets like stairs consisting of the two usual habits. This structure results from the strong retardation of a step growth on the two habits, which is considered to be caused by the segregation of doped V. In addition, the segregation behavior of V is very different between the two habits. V tends to segregate more on (0001) habit comparing with f10 1 10g habit. 8) Lay et al., have reported that several thin layers consisting of V-rich compounds exists in WC grain interiors by TEM dark field technique. 11) They insisted the segregated layers are included in WC grain interiors during the grain growth to form the thin layers. In addition with the microstrutural observation, the segregation of V on WC grains is also confirmed by ab-initio calculation performed by Christensen et al. 12, 13) According to their calculation, the surface segregation energy of V on the surface of a WC grain is very small, which means V tends to adhere and stay on the surface to retard a step migration. On the contrary, VC has some solubility in Co-phase at sintering temperature so that oversaturated VC possibly preticipates at WC/Co interfaces during cooling after soaking. Kawakami et al. have examined a cooling rate dependency of the segregation behavior of V. 14) According to their report, the amount of V at WC/Co interfaces becomes smaller in the alloys rapidly cooled. In this sense, it is very difficult to determine a precise amount of segregation during sintering. Although the precise mechanism of grain growth inhibition due to VC doping has not been clarified yet, a morphology change due to VC doping is very clear at least.
Many reports of microstructural analysis have been carried out for the alloys doped with other carbides whose inhibition effect is strong such as VC, Cr 3 C 2 and so on, however, the carbides without the inhibition effects or with smaller effects has not been investigated yet especially at an atomic scale. ZrC is one of the carbides whose inhibition effects are very small. According to previous reports, a size reduction of WC grains by ZrC-doping was only around 90% even by 0.5 mass%ZrC doping whereas the same amount of VC is quite effective to reduce the grain size. To understand the relationship between the grain growth inhibition and the microstructural change, it is necessary to know the information even about such dopant.
In this study, we have investigated the microstructures of ZrC-doped alloys by using HRTEM combined with EDS, and compared the microstructures with those of undoped alloys. In particular, we paid attention to the difference in the microstructure between liquid-phase and solid-phase sintered alloys.
Experimental Procedures
Powders of WC (Japan New Metals, nominal grain size of 0.8 mm), Co (Umicore, 1.4 mm), and ZrC (Japan New Metals, 0.8 mm) were used as starting materials. Each powder was weighed to be WC-12 mass%Co and WC-12 mass%-0.5 mass%ZrC. Hereafter WC-12 mass% alloy will be noted as undoped alloy and WC-12 mass%-0.5 mass%ZrC as ZrCdoped alloy, respectively. In both alloys, carbon content was adjusted to be, what we call, a middle range in the two phase region. After weighing, the mixture was wet-milled in ethanol with attritor-mill for 2 h, then dried, sieved, and pressed under a pressure of 150 MPa to a size of 16 Â 16 Â 5 mm 3 . Sintering was conducted at 1380 C and 1290 C, which are of liquid-phase and solid-phase sintering conditions, respectively. As for liquid-phase sintering, the green compacts were heated up to 1380 C at a heating rate of 5 C/min and soaked for 1 h in a vacuum. After soaking, the samples were cooled down to room temperature by introducing He gas into a furnace. As for solid-phase sintering, the green compacts were heated up to 1290 C and then cooled down to a room temperature by a similar way. At this temperature, no liquid phase was confirmed to appear by DTA analysis.
After sintering, microstructural analysis was carried out by SEM and HRTEM. For SEM observation, chemically etched surfaces with Murakami etchant were used after mechanical polishing. Observation was conducted with a field emission type SEM (Hitachi Co. Ltd., H-S800). Thin foils for HRTEM observation were prepared by a conventional method. Thin plates with 0.5 mm thickness were machined from the sintered bodies and punched out in a disk shape of 3 mm with an ultra sonic disk cutter. The cut samples were mechanically ground to 50 mm thickness and polished to a mirror state with diamond slurries of 9, 3 and finally 1 mm. Then, they were dimpled to 20-30 mm thickness at a center of the disks. After dimple-ground, the disks were ion-milled (Model PIPS, Gatan) under a condition of 4 kV Â 1 mA. HRTEM observation was carried out with a field emission type HRTEM (EM-002BF, TOPCON) at an accelerating voltage of 200 kV. Chemical compositional analysis was yielded with an energy dispersive X-ray spectroscope (EDS, Voyager, Noran) equipped to HRTEM. An electron probe used for EDS analyses was about 1 nm. Figure 1 shows SEM micrographs taken from (a) undoped and (b) ZrC-doped alloys, which were prepared by liquidphase sintering. Both alloys exhibit typical composite structures consisting of WC grains and Co-phase. The average grain sizes of respective alloys are not so largely different as seen in the images. The grain size of WC grains in ZrC-doped alloy is a little bit smaller than that of undoped alloy, which was already confirmed in a previous report.
Results

Liquid-phase sintered alloy
3)
The addition of ZrC doesn't have a strong effect on the grain growth behavior of WC grains. In addition, a shape of WC grains in ZrC-doped alloy also exhibits a rectangular shape, which is very similar to that of undoped alloy. There is no change in the morphology of WC between the two alloys. Figure 2 shows TEM microstructures taken from liquidphase sintered ZrC-doped alloy. The figure (a) is a bright field image, (b) and (c) are typical HRTEM images in the vicinity of WC/Co interface. The image of (c) is a magnified one taken from the interface as in the image of (b). The observation direction of HRTEM images is parallel to ½1 2 210 of a WC grain. The two kinds of habits (0001) and f10 1 10g, which are generally observed in undoped alloy, can be also seen in this alloy. In addition, both habits are atomically flat with no multi type facets, which are often observed in VC-doped alloy as in the previous reports. 8, 10) The corners of WC grains tend to show a round shape. These features of WC/Co interfaces and WC grain shape are very similar to those of undoped alloy. High Resolution Electron Microscopy Study in ZrC-Doped WC-12 mass%Co Alloys Figure 3 shows EDS spectra taken from the interface and the vicinity in Fig. 2(b) to investigate the segregation of doped Zr. The insets in the respective spectra show magnified spectra in a range around Zr K-line. At the WC/Co interface, no Zr was detected as seen in the inset (b). This behavior is totally different from the case of VC-doping. In VC-doped alloy, V strongly segregates at the WC/Co interface. 8) Moreover, doped Zr is neither detected in Co phase within a sensitivity of EDS used in this study as in the figure (a). It can be considered that the dissolution of Zr into Co-phase is very small.
To survey where doped ZrC exists, EDS element mapping was carried out. It was revealed that doped ZrC forms other compounds which are dispersed in Co-phase. A typical image of the ZrC grains and EDS mapping of Zr K-line are shown in Fig. 4(a) and 4(b) , respectively. A size of the compound is around several hundred nanometers, and a shape of the compound is round at a side facing to Co-phase. The interfaces between WC grains and the compounds are mostly straight. By EDS analysis, the compound consists of mainly ZrC including a very small amount of W, where, as for the content of W, there is a possibility of the effect due to stray X-ray. Figure 5 shows SEM micrographs of unodped and ZrCdoped alloys which are solid-phase sintered. As the two alloys are not fully sintered, the respective grain sizes of WC grains are smaller comparing with the fully sintered materials as seen in Fig. 1(a) and 1(b) . In the case of solid-phase sintering, a distinct feature can be seen in a WC grain size. The size of WC grains in ZrC-doped alloy is much smaller than that of the undoped alloy. As presented in the previous sections, ZrC does not affect the grain size of WC grains in liquid-phase sintered alloys. However, in the case of solidphase sintering, a size of WC grains is largely reduced by a small amount of ZrC. Figure 6 shows a bright field and HRTEM images of ZrC-doped alloy solid-phase sintered. WC/Co interfaces exhibit similar features to that of undoped alloys. The interfaces are atomically flat as seen in the figure (c) and show usual morphology. By EDS analysis, we also confirmed that Zr exists neither at the interface nor in Co phase. Figure 7 is a typical example of HRTEM image taken from VC-doped alloy. 8) In VC-doped alloy, the morphology of WC grains changes largely as previously reported by some research groups. 8, 10, 13) The WC/Co interfaces exhibit multi faceting features as seen in the image. The multi facets consist of two usual habits such as (0001) and f10 1 10g. These habits are typical ones which are often observed in WC-Co based alloys. In the VC-doped alloy, these facets do not grow fully but show a bunching feature during a step flow. The migration of the steps on the two habits is strongly retarded by the segregation of doped VC. Segregation behavior, including a meaning of dopant poison effect, plays an important role on grain growth inhibition.
Solid-phase sintering
Discussion
WC/Co interface
Under existing of liquid phase, if the interface is atomically flat (singular), the growth mode is controlled by 2-dimentional one. In that case, the growth rate is largely reduced and is strongly affected by adsorption/desorption of dopants on the surface. 14) A rate and attaching period of dopants are closely related to a change in the interface energy when a dopant adsorbs at the step edge. In the case of V, the segregation energy is very preferable for adsorbing, which is suggested by ab-initio calculations performed by Christensen et al. 12, 13) The dopants whose segregation energy is very small stays on the surfaces for longer time comparing with the dopants with higher energy. So we can see the segregation of V at WC/Co interfaces in the VC-doped alloys.
On the contrary, the segregation of Zr can not be observed as shown in Fig. 3(b) , which is suggested by no or very small amount of dissolution in Co-phase. Although there are no calculation results concerning the segregation excess energy of Zr, it is reasonable to consider that Zr can not play as an effective dopant with poison effect at least.
Grain size reduction due to ZrC doping during
solid-phase sintering A size of WC grains in solid-phase sintered alloys was very small whereas ZrC has no effect on the grain growth behavior during liquid-phase sintering. The grain size of the solidphase sintered alloy is much smaller than that of undoped alloy. In VC-doped alloy, WC/Co interfaces exhibit multi faceting feature even in solid-phase sintered state, which results in a reduction of WC grain size. 8) However, ZrCdoped alloy never show such multi facet structure as seen in Fig. 6 even in solid-phase sintering. Namely, the reduction of a grain size can not be considered to be caused by a retardation of a step flow. High Resolution Electron Microscopy Study in ZrC-Doped WC-12 mass%Co Alloys Figure 8 is a plot of relative densities as a function of sintering temperatures. In the plot, the data obtained from VC-doped alloy is also shown. Comparing the sintering behavior of undoped alloy, it is noted that ZrC doped alloy shows lower density in a temperature range of solid-phase sintering, which clearly show lower sinterbility by ZrC doping. At this state, a precise mechanism of this phenomena is not fully understood, however, one possible idea is that the reduction of the sinterbility is due to a high wetting angle of ZrC/Co. The wetting angle of ZrC to metallic Co is around 36 degree, which is much larger than that of WC/Co or VC/ Co ($0 degree). 15) Consideration with this fact, it can be said that the retardation of sinterbility due to ZrC doping may be a one of the reason for a grain size reduction during solidphase sintering.
Conclusions
Microstructure in ZrC-doped WC-Co alloy, which was fabricated by liquid-phase or solid-phase sintering, was investigated mainly by HRTEM and EDS. The following conclusions were obtained.
(1) The inhibition effect of ZrC was confirmed to be very small in the case of liquid-phase sintering as previously reported. (2) Doped ZrC was found to form other carbides without dissolution into -phase, i.e., Co phase. In addition, the segregation of Zr at the interfaces of WC/Co was not observed. (3) Morphology of WC grains in ZrC-doped WC-Co alloy was very similar to that of undoped alloy. The atomi- cally flat (0001) and f10 1 10g habits, which were typical ones, could be observed as ordinary facets without any multi type facets. (4) A grain size of WC grains was in ZrC-doped alloy found to be very small in the case of solid-phase sintering comparing that of undoped alloys. This effect of the grain size reduction is considered to be closely related to a low wettability between Co and ZrC.
